Abstract As Parkinson disease (PD) may affect men and women differentially, we investigated gender differences in regional projection system integrity in 148 PD subjects (36 women, 112 men) using monoaminergic [
Introduction
Parkinson disease (PD) is a multisystem neurodegenerative disorder with significant heterogeneity of clinical disease characteristics. Men develop PD more frequently than women (de Lau et al. 2004 ) and may differ from women in their risk for developing certain motor and non-motor features of PD (Miller and Cronin-Golomb 2010) . The specific factors that contribute to gender disparities are not known.
To explore gender-related differences in regional dopaminergic and cholinergic denervation in PD, we evaluated a cohort of non-demented men and women with PD. Dopaminergic and cholinergic projection systems were evaluated with PET imaging.
Subjects and methods

Subjects and clinical battery
We performed a cross-sectional study of 36 women and 112 men (N total = 148) with mild-to-moderate PD. Subjects were recruited from Movement Disorder clinics at the University of Michigan Medical Center and the Veterans Affairs (VA) Ann Arbor Health System. All subjects met UK Brain Bank clinical diagnostic criteria for PD (Hughes et al. 1992) . Subjects were excluded if they met criteria for dementia outlined in our previous studies Emre et al. 2007 ). The diagnosis of PD was confirmed in all subjects by typical patterns of nigrostriatal dopaminergic denervation as visualized by monoaminergic [ 11 C]dihydrotetrabenazine (DTBZ) PET imaging. No subjects were using anticholinergic or cholinesterase inhibitor medications. A subset of subjects (n = 99, 71 men and 28 women) answered a depression rating scale score and underwent motor exam scoring in the pharmacological ''off-state'' with the Movement Disorders Society-Unified Parkinson's Disease Rating Scale ).
Standard protocol approvals and patient consent
The study was approved by the Institutional Review Boards of the University of Michigan and Ann Arbor VA Hospital. Written informed consent was obtained from all subjects.
Imaging techniques
DTBZ and PMP PET imaging were performed in 3D imaging mode using an ECAT HR ? tomograph (Siemens Molecular Imaging, Inc., Knoxville, TN, USA), which acquires 63 transaxial slices (slice thickness: 2.4 mm, intrinsic in-plane resolution: 4.1 mm full-width at half maximum (FWHM) over a 15.2 cm axial field-of-view. A NeuroShield (Scanwell Systems, Montreal, Canada) head-holder/shielding unit was attached to the patient bed to reduce the contribution of detected photon events originating from the body outside the scanner field-of-view. Before radioligand injections began, a 5-min transmission scan was acquired using rotating 68 Ge rods for attenuation correction of emission data using the standard vendorsupplied segmentation and re-projection routines.
DTBZ PET imaging
No-carrier-added (?)-[
11 C]DTBZ (250-1000 Ci/mmol at the time of injection) was prepared as reported previously (Jewett et al. 1997) . Dynamic PET scanning was performed for 60 min immediately following a bolus injection of 55 % of 555 MBq (15 mCi) of (?)-[
11 C]DTBZ dose, while the remaining 45 % of the dose was continuously infused over the next 60 min (Innis et al. 2007 ).
PMP PET imaging [ 11 C]PMP was prepared using a previously described method (Snyder et al. 1998) . Dynamic PET scanning was performed for 70 min immediately following a bolus intravenous injection of 666 MBq (18 mCi) of [ 11 C]PMP.
MRI imaging
All subjects underwent brain magnetic resonance imaging on a 3 T Philips Achieva system (Philips, Best, The Netherlands) as previously described ).
Data analysis
Interactive Data Language image analysis software (Research systems, Inc., Boulder, CO, USA) was used to manually trace volumes of interest (VOIs) on MRI images including the thalamus, caudate nucleus, and putamen of each hemisphere. Right and left hemisphere values were averaged together within subjects to create a composite score for each region. Total neocortical VOI were defined using semi-automated threshold delineation of the cortical gray matter signal. All image frames were spatially coregistered within subjects with a rigid-body transformation to reduce the effects of subject motion during the imaging session. These motion-corrected PET frames were spatially co-registered to the T1-weighted MR using standard co-registration procedures in SPM8b implemented in Matlab 2010b (The Mathworks, Natick, MA, USA). Time activity curves for each VOI were generated from the spatially aligned PET frames.
11 C-DTBZ distribution volume ratio (DVR) was then estimated using the Logan plot graphical analysis method (Logan et al. 1996) with the time activity curves as the input function and the neocortex as reference tissue for 11 C-DTBZ (Logan et al. 1996; Innis et al. 2007; Koeppe et al. 1999 ). AChE hydrolysis rates (k 3 ) were estimated using a method using the striatum as the reference input tissue (Nagatsuka Si et al. 2001) .
Multivariable linear regression (SAS version 9.3, Cary, NC, USA) was used to explore the effect of gender on four different PET imaging measures including caudate and putamen DTBZ DVR as well as neocortical and thalamic PMP k 3 . Age, duration of motor symptoms, and Hoehn and Yahr score were used as covariates along with gender in each of these models. Bonferroni correction was used to adjust for multiple comparisons. Duncan's post hoc testing was used to compare the percent difference between gender groups in each of the regions of interest studied in the regression models.
Results
Clinical and demographic factors for both genders are listed in Table 1 . There were no significant differences between genders in any of these factors. Using multivariable linear regression, we compared differences in caudate and putamen DTBZ DVR as well as neocortex and thalamic PMP k 3 , controlling for the effects of age, duration of motor symptoms, and Hoehn and Yahr (HY) score. Compared to women, men showed lower caudate DTBZ DVR (overall model F = 13.89, p \ 0.0001, gender t value = 3.19, p = 0.0018, 5.9 % lower binding in men) and lower PMP k 3 in the neocortex (overall model F = 3.47, p = 0.0098, gender t value = 2.62, p = 0.0097, 5.8 % lower activity in men). Duration of Parkinsonian motor symptoms showed an association with caudate DTBZ DVR (t = 5.17, p \ 0.0001). There were otherwise no significant effects of age or HY staging on caudate DTBZ or neocortex PMP. Regression analyses showed no differences between genders in putamen DTBZ DVR (Model F value = 11.83, p \ 0.0001, gender t value =1.30, p = 0.1955) or thalamic PMP k 3 (model F value = 2.29, p = 0.0626).
Discussion
We report gender differences in caudate nucleus dopaminergic and neocortical cholinergic denervation in PD with males having greater deficits than females. The majority of epidemiological data suggest a higher PD incidence rate in men compared to women with incidence risk being anywhere from 1.1 to 2.6 times greater in men (de Lau et al. 2004) . Others have suggested that these observed gender differences may be more pronounced in individuals who develop PD after the age of 70 and amongst those living in western populations (Lees et al. 2009 ). Haaxma et al. (2007) found evidence of about 16 % higher overall striatal dopamine transporter binding in female compared to male PD patients. These authors postulated that the known gender difference in PD prevalence might relate to higher physiological levels of striatal dopamine in women and hypothesized a possible link to estrogen hormonal status. These findings are compatible with our recent report of approximately 8 % higher total striatal dopamine transporter expression in younger normal women compared to men, with these same gender differences receding in healthy adults after age 60 (Wong et al. 2012 ). The relatively delayed age of onset and lower disease prevalence of PD in women compared to men may reflect basal differences between genders in overall striatal dopamine terminal density (Haaxma et al. 2007 ).
An alternative explanation is that these gender-specific differences in PD prevalence may be better explained by a temporal gradient (putamen-then-caudate) of regional striatal denervation whose pace early in life is quickened in men or whose finish line (marking the onset of symptomatic PD) is pushed back in women. Prior cross-sectional DTBZ PET findings from our study of normal elderly controls indicates a roughly 0.5 % annual-rate-of-loss in striatal dopaminergic terminals, similar in all striatal regions and similar between both genders (Bohnen et al. 2006) . Measurements of putaminal dopaminergic terminal denervation in PD patients may suffer from ''floor'' effects that would limit the identification of gender differences in dopaminergic terminal degeneration. The 5.9 % greater magnitude of caudate denervation found in men, if generalized and projected back in time to the putamen, would be consistent with male PD subjects crossing the symptomatic ''threshold'' earlier, potentially accounting for both earlier clinical expression of Parkinsonism in men compared to women and lower incidence rates of PD in women compared to men (Haaxma et al. 2007; de Lau et al. 2004) . A 'putaminal floor' denervation effect in PD subjects also explains the absence of differences in motor severity between genders in our cohort. Differences in caudate dopaminergic terminal density could potentially account for gender variations in non-motor features as well. Although our subgroup analysis of 99 subjects showed no significant differences between men and women in UP-DRS-I depression scoring, more detailed clinical testing is required to thoroughly explore this possibility.
Our findings of greater cortical cholinergic denervation in male PD patients may provide a potential pathophysiological explanation for gender differences in some PD clinical features. Neocortical cholinergic denervation reflects loss of terminals originating from the basal forebrain and associates with cognitive impairment in PD, while thalamic cholinergic denervation associates more closely with gait difficulties and reflects loss of cholinergic terminals originating in the pontine tegmentum . It is possible that the differential neocortical PMP k 3 values seen between genders in our cohort might associate with gender-specific variability in non-motor PD features. Further studies with detailed clinical testing will be required to assess this possibility.
Limitations of our study include over-representation of men relative to women. This is likely due to the male predominance of PD and the fact that we recruited subjects from a Veterans hospital. The two gender groups, however, were well matched for age, duration of disease, and Hoehn and Yahr staging. Further studies are needed to determine whether gender-specific differences in dopaminergic and cholinergic projection systems associate with specific disease features or are brought about by gender-specific factors including endogenous differences in hormones or in genetic or environmental risk factors. 
